Abstract: Ni-Cu-Zn ferrite/CaTiO 3 and Ni-Cu-Zn ferrite/BaTiO 3 composites which can be applied in low temperature co-fired ceramic (LTCC) technology were synthesized by conventional solid-state reaction at temperature lower than 950 °C. Influence of the microstructures and the gap parameter δ/D on the complex permeability of the above two composites was investigated. The modified δ/D values of the above two composites show a good fit to the magnetic circuit model. The dielectric properties of the composites were predicted by the Maxwell-Garnett effective medium theory and the discrepancy between measured and calculated values was analyzed.
Introduction
Composite materials have attracted much attention for the development of microchip electronic devices and integrated devices because of their unusual physics and multi-functions, especially their popular application in the radio frequency range [1−2] . Recently, the ferrite/dielectric ceramic composite materials with both inductive and capacitive properties such as Ni-Cu-Zn ferrite/BaTiO 3 , Ni-Cu-Zn ferrite/PNNT, Ni-Cu-Zn ferrite/BNBT have been intensively researched due to their potential application in electromagnetic interference filters and miniaturized antennas [3−6] . With the development of electronic technology, the trends for miniaturization and excellent high frequency characteristics of the electronic devices require the development of low temperature co-fired ceramic (LTCC) materials and the sintering temperature chosen for co-firing with Ag electrode materials must be lower than the melting point of Ag (961 °C) [7] . Therefore, research on the magnetic and dielectric properties of the low temperature sintering ferrite/dielectric ceramic composites is significant. In this work, Ni-Cu-Zn ferrite (NCZF) is chosen as ferrite phase because of high electrical resistivity, chemical stability, excellent electromagnetic properties, and lower densification temperatures [8−11] . Three reasons for choosing CaTiO 3 (CT) and BaTiO 3 (BT) as dielectric ceramic phases are taken into account: firstly, they have relatively high permittivity and low dielectric loss [12−13] ; secondly, they have been synthesized in an industrial scale and have relatively low production cost; and thirdly, they have different dielectric tunability ranges and sintering behaviors. So we need to compare their influences on the microstructures and electromagnetic properties of different composite materials and the results can provide useful guidance for choosing proper ceramic phases according to requirements of different electronic devices. [14] as fluxing agent, were mixed with analytical grade CaTiO 3 and BaTiO 3 powders by molar ratio of ferrite to ceramic of 10:1, respectively, and then wet-milled for 12 h. The composite mixtures were dried, mixed with 10% (mass fraction) poly(ethylene glycol) binder, sieved through a mesh with pore size of 100 µm and pressed at 5 MPa to the shape of toroids (d 18 mm× 8 mm) and pellets (d 18 mm) with 2−3 mm thick. The toroids and pellets were final sintered at 900 °C and 950 °C in air for 2.5 h to yield the final product.
Experimental
The phase structures of the samples were investigated by X-ray diffractometer (XRD, RINT2000, Rigaku Co.) with Cu K α radiation. The microstructures on the cross section of the samples were examined by scanning electron microscope (SEM, JEOL JSM−6490). The bulk densities were measured by Archimedes method. Complex permeability, permittivity and dielectric loss were measured by the impedance analyzer (HP4291B) in the frequency range of 1 MHz−1.8 GHz.
Results and discussion

XRD and microstructure analysis
The XRD patterns for the samples sintered at 900 °C are shown in Fig.1 . The peaks are identified to confirm the coexistence of ferrite and dielectric ceramics, and no intermediate phase formed in the composites. The comparison among the different XRD patterns reveals that existence of ceramic phase in the composites has some effect on the peak intensity of ferrite phase. The cross-sectional SEM micrographs of the samples sintered at 900 °C are shown in Fig.2 . It is observed that NCZF shows good homogeneity and densification with many grains close to 10 µm in size. The microstructures of NCZF/CT and NCZF/BT composites are porous with many point contacts among grains, and display obvious decrease in grain size compared with NCZF. This suggests that ferrite grain growth has been greatly inhibited when CT or BT exists as impurity phase. 
Magnetic property
For the composites sintered at different temperatures, variation of complex permeability with frequency is shown in Fig.3 . When the sintered temperature increases from 900 °C to 950 °C, the real permeability of each sample increases at different degrees and, accordingly, the loss peak shifts to lower frequencies, especially for NCZF/CT. It is consistent with the SNOEK's law [15] .
For the polycrystalline ferrites, JOHNSON et al [16] had related the effective permeability to intrinsic permeability, grain size (D) and the grain boundary thickness (δ) in their model. Thereafter, NAKAMURA et al [17] applied the magnetic circuit model to the ferrite composite materials and given the following formula:
where μ and μ B are the effective permeability of the ferrite composite materials and the permeability of the ferrite particle, respectively. In addition, the gap parameter δ/D can be estimated using the formula [18] :
where ρ f , ρ m and ρ are the densities of the ferrite, nonmagnetic layer and composite, respectively. The above formula is accurate when ρ f , ρ m and ρ are all theoretical values. By considering the influence of open pore on the composite density, a modified formula was provided to calculate the gap parameters of the ferrite/ceramic composites:
where ρ fi , ρ ci , and ρ i are the theoretical densities of the ferrite, ceramic and composite, respectively; and ρ is the measured density of the composite. The modified δ/D values obtained by formula (3) and permeability measured at 1 MHz are shown in Table 1 . Combining with formula (1), the fitting value of μ B is 58.92. The data of ferrite and two composites sintered at different temperature, as shown in Fig.4 , match well with the fitting curves.
Dielectric property
Variations of ε′ and tan δ with frequency are shown in octahedral sites cannot follow the alternation of applied AC electric field beyond a certain critical frequency [21] . According to the Maxwell-Garnett (MG) approximation [22−23] , the dielectric properties of the composites can be predicted. For a two phase medium, there is Table 1 , the volume friction of ferrite phase in different samples can be estimated using the formula below:
Hence, the complex permittivity of NCZF/CT and NCZF/BT composites can be directly calculated by the MG expression. The measured and calculated ε′−f curves of the composites are shown in Fig.6 . It is observed that the calculated eff ε ′ values are lower than the measured ones within the frequency range of 1 MHz−1 GHz in the NCZF/CT composite. We can infer that the fluxing agent has some positive effect on the growth of CT grain in the composite, and the permittivity of the CT sintered at 1 200 °C is different from that of CT phase in the composite. Therefore, for NCZF/CT composite, the approximate treatment of e ε ′ leads to a somewhat lower value of calculated eff ε ′ . For NCZF/BT composite, the calculated eff ε ′ shows relatively good consistency with the measured one at higher frequencies and the main discrepancy between the experimental and calculated curves can be observed at lower frequency. According to the Maxwell-Wagner theory, the BT existing at the grain boundaries of the ferrite has relatively poor conduction and was found to be more effective at lower frequencies. So the change range of eff ε ′ with the increase of frequency in NCZF/BT composite is larger than that in NCZF/CT composite. This factor has never been considered in the MG expression.
Conclusions
1) Ni-Cu-Zn ferrite/CaTiO 3 and Ni-Cu-Zn ferrite/ BaTiO 3 particulate composites having 2% Bi 2 O 3 as fluxing agent were prepared at low sintering temperature (900 °C and 950 °C) by standard ceramic method. The coexistence of ferromagnetic phase and ferroelectric phase was characterized by XRD technique.
2) The relationship between complex permeability and microstructures can be accurately described when the modified gap parameter δ/D is used in the magnetic circuit model. The dielectric constant of each composite is higher than that of the ferrite. As ceramic phase, BT can more effectively improve the dielectric constant at lower frequencies, compared with CT. But this effect is limited at higher frequencies. The NCZF/CT composite has lower tanδ (<0.02) within the frequency range of 40− 170 MHz and the value can be lower than that of NCZF beyond 80 MHz. The dielectric properties of the composites have been predicted by the Maxwell-Garnett approximation, and the sintered behavior and inhomogeneous nature of dielectric structure are responsible for the discrepancy between measured and calculated values.
